Introduction
============

Prostate cancer (PCa) is the most commonly diagnosed noncutaneous malignancy and the second most common cause of male cancer-related deaths.[@b1-ott-11-3853] It is well known that the etiology of PCa development and progression is complex. In addition to the environmental and genetic factors, lifestyle and diet can also contribute to this disease. Although localized PCa is highly curable, many patients will die of metastatic disease. Androgen-deprivation therapy (ADT) can result in rapid responses in metastatic PCa patients; however, nearly all patients eventually progress to lethal, metastatic castration-resistant PCa (CRPC). Chemotherapy is considered therapeutically efficacious for metastatic CRPC. Drug resistance poses a great challenge in treating chemorefractory PCa patients. Due to poor prognosis of metastatic CRPC, an improved and detailed understanding of the molecular and cellular mechanisms underlying PCa development, progression, and castration resistance is urgently needed, and is necessary to the development of novel effective therapies. Therefore, understanding the molecular mechanisms underlying PCa development and progression would help to improve therapies for the disease. Assessment of the expression and role of metastasis and castration resistance-associated oncoproteins in PCa is required for defining molecular variables associated with tumor aggressiveness, identifying novel PCa biomarkers, and developing more effective therapeutic interventions.

The ATP-binding cassette (ABC) transporters consist of a family of integral membrane proteins capable of unidirectional transport of a wide variety of compounds across cell membranes. Based on sequence homology and domain organization, the ABC family is subdivided into seven subfamilies (ABCA--ABCG). The multidrug resistance (MDR) ABCC family consists of nine related transporters (ABCC1-6, ABCC10-12, or MRP1-9); the MRP5 (ABCC5) protein has two hydrophobic transmembrane domains and two cytoplasmic domains. Next to their natural function, most ABCC transporters have been implicated in drug resistance, but they have a wide range of different substrate specificities. The ABCC5, as one of the critical ABC transporter molecules, is capable of transporting monophosphorylated nucleoside analogs, which can confer resistance to 6-mercaptopurine, 6-thioguanine, and 9-(2-phosphonyl-methoxyethyl) adenine.[@b2-ott-11-3853] ABCC5 has also been shown to be involved in antimetabolite resistance.[@b3-ott-11-3853] ABCC5 is also involved in paclitaxel drug resistance.[@b4-ott-11-3853] The mechanism is based on the efflux of the somewhat polar phosphonate and of the monophosphates of 6-mercaptopurine and 5-fluorouracil out of the cell.[@b5-ott-11-3853] Because the physiological function of ABC transporters is the efflux of xenobiotics, including chemotherapeutic drugs, the increased expression of MDR genes is the expected cell response to chemotherapy. Recent findings showed that ABCC5 expression is aberrantly upregulated in several human malignancies,[@b6-ott-11-3853]--[@b8-ott-11-3853] and it promotes invasion and metastasis in these malignancies. These results indicated that ABCC5 can regulate cancer cell invasiveness. The above results also indicated that ABCC5 may act as an important oncogene that is involved in the formation and development of malignancies and might influence the chemoresistance of malignancies. However, the molecular mechanism and the role of ABCC5 in PCa development and progression have not yet been investigated.

Accelerating evidence showed the important role of miRNAs in the regulation of the target gene expression. miRNAs, a class of small noncoding RNAs, have been reported to play important roles in malignancy development and progression.[@b9-ott-11-3853],[@b10-ott-11-3853] miRNAs can regulate gene expression at the posttranscriptional level by blocking mRNA translation or degrading mRNAs by binding to the 3′-untranslated regions (3′-UTRs) of specific mRNAs.[@b11-ott-11-3853] Accumulating studies have shown that miRNAs can be abnormally expressed in malignancies, and deregulated miRNAs were associated with malignancy initiation, promotion, and progression.[@b11-ott-11-3853],[@b12-ott-11-3853] In view of the extensive molecular functions of miRNAs and ABCC5 in various malignancies and the potential critical role of ABCC5 in prostate carcinogenesis, it will be very interesting to identify the molecular mechanism and role of ABCC5 in PCa and to find whether ABCC5 gene expression can be regulated by a specific miRNA in PCa.

In the current study, we first conducted microarray data analyses and identified ABCC5 as a metastasis and castration resistance-associated oncogene, and then we found significant correlations between ABCC5 expression and the clinicopathological factors and prognosis of PCa patients. We further explored its effects on the malignant phenotype of PCa cells. We also identified that the miR-516a-3p can regulate the invasiveness of PCa cells and the metastasis of PCa xenografts by regulating ABCC5. Taken together, the above findings have advanced our knowledge of the molecular mechanisms of PCa metastasis, castration resistance, and chemoresistance, provided potential effective molecular biomarkers for the prognosis, and developed effective potential therapeutic targets for the treatment of PCa.

Materials and methods
=====================

Clinical specimens
------------------

Written informed consent was obtained from all of the 180 patients with PCa.[@b13-ott-11-3853] We also collected 90 normal prostate samples, 30 metastatic PCa, and 20 CRPC tissues. Written informed consent was also obtained from the above 140 patients. All experiments were approved by the ethics committee of Tianjin Medical University (TMUhMEC2016019). Biochemical recurrence (BCR) was detected if prostate-specific antigen (PSA) value after radical prostatectomy was ≥0.2 ng/mL.

Plasmid construction
--------------------

A cDNA sequence containing one pre-miR-516a-3p unit was inserted into pcDNA3.1. The ABCC5 shRNA was designed using online shRNA designer tool. Two strands were annealed following the instructions, followed by insertion into pcDNA6.2-GW/EmGFP-miR vector. The ABCC5 cDNA containing the coding sequence was cloned by PCR, and the PCR product was inserted into the pcDNA3.1 vector. The insert was confirmed by DNA sequencing.

Cell line, cell culture, and transfection
-----------------------------------------

Human LNCaP and PC-3 cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in the presence of 5% CO~2~. PCa cells were plated in six-well plates for stable transfection using Effectene (Qiagen) following the manufacturer's protocol.

RNA extraction and qRT-PCR
--------------------------

Total RNA was extracted using Trizol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the provided instructions. The miR-516a-3p level was investigated by TaqMan miRNA assays (Thermo Fisher Scientific) according to the manufacturer's protocol. miRNA U6 was used for normalization. ABCC5 mRNA level was studied by SYBR green qPCR assay (Takara, Dalian, China). β-Actin was used as control.

Western blot and immunohistochemistry
-------------------------------------

Extracts containing 50 µg of proteins were separated in 10% SDS-PAGE gels and electroblotted onto nitrocellulose membranes. The membranes were blocked using Tris-buffered saline/Tween-20 containing 5% nonfat milk followed by overnight incubation at 4°C with primary antibodies (ab24107; Abcam). After three washes, secondary antibodies were added and incubated for 1 hour. Then anti-β-actin antibody was used as a loading control. Immunohistochemistry was performed following the manufacturer's protocol. ABCC5 protein level was measured by combining the proportion and intensity of positively stained immunoreactive cells.

Colony formation assay
----------------------

The measured PCa cells were seeded on 35 mm dishes. These cells were fixed and stained. Finally, positive colony formation (\>50 cells/colony) was counted.

Cell migration and invasion assay in vitro
------------------------------------------

Transwell migration and invasion assays were conducted with 8.0 mm pore following the provided protocol (BD Bioscience, San Jose, CA, USA) and were conducted with uncoated and coated Matrigel, respectively. Finally, the migrated and invaded PC-3 and LNCaP cells were fixed, stained, and counted.

Luciferase reporter assay
-------------------------

The miR-516a-3p-binding site in the 3′-UTR of ABCC5 (wild or mutant-type) was inserted downstream of the firefly luciferase gene in a pGL3-promoter vector (Promega, Madison, WI, USA). The assay was conducted according to the provided protocol. Luciferase activity was investigated by the dual luciferase reporter assay system (Promega).

PC-3 cells' chemosensitivity to adriamycin and docetaxel studies
----------------------------------------------------------------

Adriamycin was initially dissolved in 0.9% sodium chloride and was diluted with fresh medium immediately before each experiment. The concentration of adriamycin varied from 0.01 to 1 µmol/L. Docetaxel is used at a concentration of 10 nM. The PC-3 cell survival was determined using MTT assay. Twenty microliters of MTT was added to each well and incubated at 37°C for 4 hours. Then the medium in each well was removed and 150 µL DMSO was added. The number of PC-3 cells was assessed by measurement of absorbance at 492 nm using Multiskan MS.

PCa xenograft studies
---------------------

Xenografts were developed with the stable expressing miR-516a-3p, ABCC5 knockdown, or control LNCaP and PC-3 cells, respectively. PC-3 or LNCaP cells were implanted into the dorsal flank of male Athymic nude mice subcutaneously. Tumor volumes were calculated biweekly \[tumor volume = (width2 × length)/2\]. The xenograft weights were investigated 7 weeks after the inoculation. Then, the DNA extraction of cervical lymph nodes and human Alu sequence PCR amplification was conducted to study the distant metastasis status.[@b14-ott-11-3853] All procedures and experiments involving animals in this study were approved by the Committee on the Ethics of Animal Experiments of Tianjin Medical University (TMUaMEC2016023) and were performed in compliance with the guidelines of the Animal Welfare Act of the National Institutes of Health (NIH Publications no 8023, revised 1978).

Statistical analysis
--------------------

Student's *t*-test was conducted for continuous factors. Spearman correlation test was performed for examining the correlations between ABCC5 expression and the clinical and pathological factors. Survival curves were conducted by the Kaplan--Meier and studied using the log-rank test. *P*\<0.05 was considered statistically significant. Statistical analysis was conducted by GraphPad Prism 5 and SPSS 17.0 software.

Results
=======

ABCC5 as a potential metastasis and castration resistance-associated oncogene in PCa
------------------------------------------------------------------------------------

In order to identify whether any difference of ABCC5 expression level exists in primary PCa, metastatic PCa, CRPC, and normal prostate tissues, we analyze the microarray data from The Cancer Genome Atlas and several datasets (GSE55945, GSE35988, GSE68545, GSE6099, GSE6956, GSE6919, GSE3325, GSE6608, GSE3933, GSE68882, GSE21032).[@b15-ott-11-3853]--[@b26-ott-11-3853] The data suggested that ABCC5 was significantly elevated in primary PCa tissues relative to normal prostate tissues ([Figure 1A--F](#f1-ott-11-3853){ref-type="fig"}). Similarly, increased ABCC5 mRNA was identified in metastatic PCa tissues compared with primary PCa tissues ([Figure 1G--O](#f1-ott-11-3853){ref-type="fig"}). Furthermore, ABCC5 was significantly overexpressed in CRPC samples compared with hormone naïve PCa samples ([Figure 1P](#f1-ott-11-3853){ref-type="fig"}). To validate these results on the protein level, we further conducted immunohistochemistry study to investigate ABCC5 expression in PCa. As shown in [Figure 1Q](#f1-ott-11-3853){ref-type="fig"}, the ABCC5 positive staining was localized within the cytoplasm. The results indicated that ABCC5 protein expression was increased in PCa tissues compared with benign prostatic hyperplasia (BPH), and the difference was significant. Similarly, increased ABCC5 was identified in aggressive PCa (Gleason ≥7) relative to less aggressive PCa (Gleason \<7). We also analyzed ABCC5 gene expression of CRPC and hormone-naïve PCa tissue; CRPC showed higher expression of ABCC5 protein relative to hormone-naïve PCa. Taken together, the above results indicated that ABCC5 as a potential metastasis and castration resistance-associated oncogene increases gradually during the PCa progression, indicating that it has a very critical role in PCa progression.

ABCC5 overexpression is significantly associated with PCa progression and poor prognosis
----------------------------------------------------------------------------------------

We performed microarray data analyses and identified that ABCC5 was significantly increased in patients with BCR compared with patients without BCR at 3 and 5 years, respectively ([Figure 2A--F](#f2-ott-11-3853){ref-type="fig"}).[@b26-ott-11-3853],[@b27-ott-11-3853] The Welsh et al and several datasets (GSE3933, GSE68882, GSE10645, GSE68907, and GSE3325) also indicated that ABCC5 was significantly increased in patients with higher grade, higher stage, and higher Gleason score relative to patients with lower grade, lower stage, and lower Gleason score, respectively ([Figure 2G--T](#f2-ott-11-3853){ref-type="fig"}).[@b24-ott-11-3853],[@b25-ott-11-3853],[@b27-ott-11-3853]--[@b30-ott-11-3853] In order to validate these observations, we further studied the ABCC5 protein expression pattern by immunohistochemical analysis in specimens from patients who underwent radical prostatectomy. Our data showed ABCC5 protein overexpression is significantly associated with lymph node metastasis, clinical stage, preoperative PSA, Gleason score, and BCR ([Table S1](#SD4-ott-11-3853){ref-type="supplementary-material"}). We further identified that the high ABCC5 expression patients had a shorter overall or BCR-free survival duration compared with the patients with low ABCC5 expression. We also identified that ABCC5 was the independent prognostic factor for poor BCR-free ([Table S2](#SD5-ott-11-3853){ref-type="supplementary-material"}) and overall survival ([Table S3](#SD6-ott-11-3853){ref-type="supplementary-material"}). Collectively, our data showed ABCC5 overexpression is significantly associated with PCa progression and poor prognosis.

ABCC5 knockdown significantly inhibits PCa cell proliferation, migration, and invasion
--------------------------------------------------------------------------------------

To investigate the functional significance of ABCC5 overexpression in PCa, we decreased ABCC5 expression level in PCa cells and tested its impacts on cell proliferation, migration, and invasion. We utilized the stable knockdown strategy targeting ABCC5 in two PCa cell lines, LNCaP and PC-3. The efficiency of ABCC5 knockdown was confirmed by Western blot and RT-PCR ([Figure S1](#SD1-ott-11-3853){ref-type="supplementary-material"}). We identified a significant decrease in colony formation upon stable knockdown of ABCC5 relative to control cells ([Figure 3A](#f3-ott-11-3853){ref-type="fig"}). We also identified that ABCC5 knockdown significantly reduced PC-3 and LNCaP cell migration and invasion ([Figure 3B and C](#f3-ott-11-3853){ref-type="fig"}). ABCC5 protein was dramatically downregulated in the shRNA transfection group compared with the control group ([Figure 3D](#f3-ott-11-3853){ref-type="fig"}).

ABCC5 is a direct target gene of miR-516a-3p
--------------------------------------------

Accelerating evidence indicated that some miRNAs can act as cancer and metastasis suppressors by targeting multiple metastasis-associated oncogenes leading to their repression. To investigate if ABCC5 is subject to regulation by miRNAs in PCa, we utilized miRNA target prediction algorithms provided by miRWalk, TargetScan, and miRanda. After integrating the information, we selected miR-516a-3p for further validation due to its antiproliferation and antimetastasis properties in gastric cancer.[@b31-ott-11-3853] However, to date, its roles in PCa and other cancers are still unclear. Through computational analysis, the binding site for miR-516a-3p at 3′-UTR of ABCC5 was depicted ([Figure 4A](#f4-ott-11-3853){ref-type="fig"}). We generated firefly luciferase reporter constructs with the 3′-UTR of ABCC5 mRNA and transfected them into PCa cells with miR-516a-3p. We identified that cotransfection with miR-516a-3p in PCa cells significantly reduced the luciferase activity when the construct contained the 3′-UTR of ABCC5 ([Figure 4B](#f4-ott-11-3853){ref-type="fig"}). Mutation of the binding sites reversed the observed inhibitory effects. Taken together, the above results indicated that ABCC5 was a direct target of miR-516a-3p. We further performed qRT-PCR and Western blot in LNCaP and PC-3 cells to identify whether restoration of miR-516a-3p can change the expression of ABCC5. The expression levels of ABCC5 mRNA and protein were significantly inhibited in miR-516a-3p transfectants when compared with control PCa cells ([Figure 4C and D](#f4-ott-11-3853){ref-type="fig"}). We also identified that ABCC5 mRNA expression level was inversely associated with the expression level of miR-516a-3p ([Figure 4E](#f4-ott-11-3853){ref-type="fig"}). Collectively, our results showed that miR-516a-3p may negatively regulate ABCC5 by directly binding to its 3′-UTR.

miR-516a-3p as a potential metastasis and castration resistance-associated miRNAis downregulated in PCa and PCa cell lines
--------------------------------------------------------------------------------------------------------------------------

We identified that miR-516a-3p is significantly decreased in primary PCa compared with BPH, metastatic PCa relative to primary PCa, and CRPC relative to hormone naïve PCa, respectively ([Figure S2](#SD2-ott-11-3853){ref-type="supplementary-material"}). We also examined miR-516a-3p expression in the different PCa cell lines and prostate epithelial cell line (RWPE-1). We identified that LNCaP cell line expressed higher miR-516a-3p levels in contrast to more aggressive PC-3 cell lines that expressed lower miR-516a-3p levels ([Figure S2](#SD2-ott-11-3853){ref-type="supplementary-material"}). The data showed that miR-193a-5p expression was significantly decreased in two PCa cell lines compared with RWPE-1 cell line ([Figure S2](#SD2-ott-11-3853){ref-type="supplementary-material"}). Taken together, the above results indicate that the miR-516a-3p as a potential metastasis and castration resistance-associated miRNA may be responsible for PCa progression.

miR-516a-3p regulates cell proliferation, invasion, and migration through directly inhibiting ABCC5
---------------------------------------------------------------------------------------------------

We studied whether miR-516a-3p could affect the effects of ABCC5 on PCa cell proliferation, invasion, and migration. The results indicated that ABCC5 overexpression significantly abrogated the inhibition of PCa cell colony formation induced by miR-516a-3p ([Figure 3A](#f3-ott-11-3853){ref-type="fig"}). Similarly, ectopic expression of ABCC5 can reverse the inhibition of PCa cell migration and invasion induced by miR-516a-3p ([Figure 3B and C](#f3-ott-11-3853){ref-type="fig"}). The efficiency of miR-516a-3p overexpression was confirmed by Western blot ([Figure 3D](#f3-ott-11-3853){ref-type="fig"}). As expected, our results suggested that ABCC5 knockdown resulted in similar results induced by miR-516a-3p expression in PCa cells. Taken together, these results indicated that miR-516a-3p repressed PCa cell proliferation, migration, and invasion through inhibiting ABCC5.

Restoration of miR-516a-3p promotes PC-3 cells' sensitivity to adriamycin and docetaxel via the suppression of ABCC5
--------------------------------------------------------------------------------------------------------------------

Previous study indicated that ABC proteins can contribute to chemoresistance through the efflux of anticancer drugs from cancer cells. Therefore, ABCC5 knockdown may improve the PCa cells' sensitivity to chemotherapeutic drugs. To investigate whether miR-516a-3p overexpression can change the PC-3 cells' sensitivity to chemotherapeutic drugs, the inhibition values for adriamycin and docetaxel in these cells were determined by MTT assay. As shown in [Figure S3](#SD3-ott-11-3853){ref-type="supplementary-material"}, the data indicated that the miR-516a-3p overexpression could significantly enhance the chemosensitivity of PC-3 cells to adriamycin (1 µmol/L) and docetaxel (10 nM), compared with the control groups. Forced overexpression of ABCC5 can reverse the promotion of the chemosensitivity of PC-3 cells to both adriamycin and docetaxel induced by miR-516a-3p ([Figure S3](#SD3-ott-11-3853){ref-type="supplementary-material"}). We also identified that both miR-516a-3p overexpression and ABBCC5 silencing could result in a comparable promotion of the chemosensitivity of PC-3 cells to adriamycin and docetaxel ([Figure S3](#SD3-ott-11-3853){ref-type="supplementary-material"}). Collectively, these data indicated that restoration of miR-516-a-3p can promote PC-3 cells' sensitivity to both adriamycin and docetaxel via the suppression of ABCC5.

ABCC5 plays an essential role in PCa growth and metastasis in vivo
------------------------------------------------------------------

In order to investigate the potential role of ABCC5 on PCa growth in vivo, we employed a murine xenograft model using stable ABCC5 knockdown LNCaP and PC3 cells, and measured the tumor volume, tumor weight, and metastasis to distant organs. Depletion of ABCC5 resulted in significantly reduced tumor volume and weight compared with control cells ([Figure 5A--D](#f5-ott-11-3853){ref-type="fig"}). ABCC5 knockdown xenograft tumors showed decreased staining for ABCC5 ([Figure 5E--G](#f5-ott-11-3853){ref-type="fig"}). ABCC5 knockdown of PC-3 also significantly impaired their ability to metastasize from xenograft to cervical lymph nodes compared with control cells ([Figure 5H](#f5-ott-11-3853){ref-type="fig"}). As expected, restoration of miR-516a-3p displayed attenuated metastasis compared with the control group and resulted in similar results induced by ABCC5 knockdown ([Figure 5H](#f5-ott-11-3853){ref-type="fig"}). We did not observe any metastases in control or experimental LNCaP xenografts. Collectively, the above results clearly indicated that ABCC5 plays a critical role in PCa growth and metastasis in vivo.

Discussion
==========

The current staging system was unable to accurately find PCa subsets that are prone to progress to aggressive lethal disease, even if Gleason score and PSA level were employed as combined prognostic biomarkers. This issue has contributed to a serious dilemma of overtreatment. However, recent developments in high-throughput technologies have paved the way for the identification of new tumor markers for screening and prognostication. Cancer invasion and metastasis is a complex and multistep process.[@b32-ott-11-3853] In the current study, we studied the expression and role of ABCC5 in PCa. Our results indicated an essential role for ABCC5 in PCa progression and metastasis in vitro and in vivo. These results indicated that ABCC5 may act as a potential progression molecular biomarker and therapeutic target gene.

PSA acted as the most common molecular biomarker for following PCa patients. However, the course of PCa progression and outcomes of PCa patients can be totally different even in patients with the same PSA. Therefore, it is very urgent to find more sensitive biomarkers for following PCa and improvement of PCa prognosis. ABCC5 is overexpressed in several cancer entities.[@b6-ott-11-3853]--[@b8-ott-11-3853] To the best of our knowledge, there has been no report on ABCC5 functional analyses in PCa; so, we first analyze the ABCC5 level in PCa in several microarray datasets. Then, our study aimed to investigate the functional significance of ABCC5 in PCa. Here, we found that ABCC5 was upregulated in primary PCa relative to BPH, metastatic PCa relative to primary PCa, and CRPC relative to hormone naïve PCa through microarray analysis, indicating ABCC5 as a metastasis and castration resistance-associated oncogene may play an essential role in PCa progression. We further studied the association of ABCC5 with clinicopathological variables in PCa. Results indicated that ABCC5 overexpression was significantly associated with PCa progression at both mRNA and protein levels and can serve as an independent predictor for the poor BCR-free and overall survival. Results also suggested that ABCC5 overexpression was independently associated with unfavorable outcome of PCa patients. The prognostic value of ABCC5 was statistically significant in multivariate analysis adjusted for significant variables from univariate analysis, which suggested ABCC5 overexpression may be a good molecular marker to predict PCa prognosis. This is the first direct evidence of the association between ABCC5 and clinicopathological factors of PCa and the prognostic role of ABCC5 in PCa. Further large-scale cohort studies may be essential to identify whether ABCC5 is an effective biomarker.

These data suggested that ABCC5 may act as a potential critical metastasis and castration resistance-associated oncogene. However, its underlying molecular mechanism remains unclear. The functional roles of ABCC5 in PCa cells were also studied in the current study. It is well known that proliferation and metastasis are the two most common causes for the malignancy-related death. To investigate the functions of ABCC5, the stable ABCC5 silence/overexpression LNCaP and PC-3 cell lines were constructed and the effects of the knockdown/overexpression of ABCC5 on cell proliferation, migration, and invasion ability were investigated. Our research results suggested that ABCC5 knockdown can significantly inhibit the proliferation of the PCa cell lines in vitro. The results also indicated that PCa cells became less aggressive and invasive after transfected with the ABCC5 knockdown construct, suggesting that the ABCC5 functioned as a metastasis-associated oncogene in PCa. In addition, we demonstrated that silencing of ABCC5 significantly inhibits tumor growth and metastasis in vivo.

Accelerating evidence suggested that miRNAs can act as master regulators of gene expression in a sequence-specific pattern and play critical roles in several biological processes, including cell differentiation, angiogenesis, proliferation, migration, and invasion. We then performed a computational search for the potential miRNAs that can regulate ABCC5. Among these miRNAs, miR-516a-3p, which is a kind of highly conserved miRNA, attracted our attention. In PCa samples, the expression level of miR-516a-3p was found to be correlated inversely with ABCC5 mRNA expression. We further investigated whether miR-516a-3p can suppress the ABCC5 expression level. We treated LNCaP and PC-3 cell lines with miR-516a-3p and measured ABCC5 level. We found that miR-516a-3p can negatively regulate ABCC5 expression in PCa. As expected, ABCC5 knockdown can result in similar results induced by miR-516a-3p expression in PCa cells. Furthermore, ectopic overexpression of ABCC5 can significantly reverse the suppressive effects of miR-516a-3p. Taken together, we identified that miR-516a-3p can significantly suppress PCa cell proliferation, invasion, and migration in vitro, and inhibit tumor growth and metastasis in vivo through the downregulation of ABCC5 by directly binding to its 3′-UTR.

It is well known that ADT is the first line of therapeutic intervention for metastatic PCa. Chemotherapy is a choice for androgen-independent PCa. Unfortunately, many CRPC patients develop drug resistance during chemotherapy, leading to treatment failure in CRPC patients. Therefore, further understanding of the molecular mechanisms underlying drug resistance and progression would be helpful for effective treatment of the disease. Chemotherapy is known to induce the cellular stress response. Previous study reported an interesting mechanism for the regulation of gene expression by miRNAs within stress-related conditions.[@b33-ott-11-3853] In the cells, a basal level of target mRNA expression and, simultaneously, a certain constant level of miRNAs, which downregulate the target mRNA, are maintained, endowing their expression to be kept at a constant level. A level of target mRNA is dramatically raised following a stress response, saturating the threshold miRNA that results in its insufficiency to disrupt the mRNA and allows its translation. As a result of deleted MDR genes, their expression in tumor cells is not sufficiently increased in response to treatment, and the tumor becomes chemosensitive. We identified that miR-516a-3p restoration can promote PC-3 cells' sensitivity to adriamycin and docetaxel via the suppression of ABCC5. All the results indicated that miR-516a-3p may modulate the sensitivity of cancer cells to adriamycin and docetaxel by targeting ABCC5 with important implications in the design of new therapeutic agents.

Conclusion
==========

Taken together, this is the first study to indicate that ABCC5 overexpression, most likely mediated by the loss of miR-516a-3p expression, is involved in PCa progression, metastasis, drug resistance, and castration resistance. Our observations demonstrated that ABCC5 plays a critical role in PCa progression and could serve as a viable therapeutic target.

Supplementary materials
=======================

###### 

The efficiency of ABCC5 knockdown was confirmed by Western blot and RT-PCR. The efficiency of ABCC5 knockdown was confirmed at the protein level by (**A**) Western blot and (**B**) qRT-PCR; \**P*\<0.05.

###### 

miR-516a-3p as a potential metastasis and castration resistance-associated miRNA is downregulated in PCa and PCa cell lines. (**A**) qRT-PCR detected the expression of miR-516a-3p in BPH, and primary PCa, metastatic PCa, and CRPC tissues. (**B**) The expression levels of miR-516a-3p were detected in PCa cell lines (LNCaP, PC3) and prostate epithelial cells (RWPE-1); \**P*\<0.05.

**Abbreviations:** BPH, benign prostatic hyperplasia; CRPC, castration-resistant PCa; PCa, prostate cancer.

###### 

Restoration of miR-516a-3p promotes PC-3 cells' sensitivity to adriamycin and docetaxel via the suppression of ABCC5. (**A**) miR-516a-3p overexpression can significantly enhance the chemosensitivity of PC-3 cells to adriamycin (1 µmol/L), compared with the control groups. Forced overexpression of ABCC5 reversed the promotion of the chemosensitivity of PC-3 cells to adriamycin induced by miR-516a-3p. (**B**) miR-516a-3p overexpression can significantly enhance the chemosensitivity of PC-3 cells to docetaxel (10 nM), compared with the control groups. Forced overexpression of ABCC5 reversed the promotion of the chemosensitivity of PC-3 cells to docetaxel induced by miR-516a-3p. All data are shown as mean±SD. \**P*\<0.05.

###### 

Clinicopathologic variables and ABCC5 protein expression in 180 PCa patients

  Variable                   Group      ABCC5 protein expression   *P*-value        
  -------------------------- ---------- -------------------------- ----------- ---- ---------
  Age                                                                               0.536
                             \<70       97                         66          31   
                             ≥70        83                         60          23   
  Lymph node metastasis                                                             0.023
                             Presence   17                         16          1    
                             Absence    163                        110         53   
  Surgical margin status                                                            0.903
                             Presence   14                         10          4    
                             Absence    166                        116         50   
  Seminal vesicle invasion                                                          0.538
                             Presence   35                         23          12   
                             Absence    145                        103         42   
  Clinical stage                                                                    0.002
                             T1         103                        63          40   
                             T2/T3      77                         63          14   
  Preoperative PSA                                                                  \<0.001
                             0--10      69                         38          31   
                             \>10       111                        88          23   
  Gleason score                                                                     \<0.001
                             \<7        99                         49          50   
                             ≥7         81                         77          4    
  Angiolymphatic invasion                                                           0.837
                             Presence   35                         25          10   
                             Absence    145                        101         44   
  Biochemical recurrence                                                            0.018
                             Absence    128                        83          45   
                             Presence   52                         43          9    

**Abbreviations:** PCa, prostate cancer; PSA, prostate-specific antigen.

###### 

Prognostic value of ABCC5 protein expression for the biochemical recurrence-free survival in univariate and multivariate analyses by Cox regression

  Covariant                  Univariate analysis   Multivariate analysis                                   
  -------------------------- --------------------- ----------------------- ------- ------- --------------- -------
  ABCC5 protein              3.128                 1.187--8.239            0.021   3.411   1.158--10.047   0.026
  Gleason score              2.338                 1.091--5.011            0.029   2.551   1.030--6.318    0.043
  Preoperative PSA           1.432                 0.955--2.1146           0.082                           
  Age                        2.317                 0.806--6.664            0.119                           
  Angiolymphatic invasion    1.327                 0.877--2.009            0.181                           
  Surgical margin status     1.331                 0.946--1.873            0.101                           
  PCa stage                  2.594                 1.382--4.869            0.003   1.325   0.961--1.827    0.086
  Lymph node metastasis      3.126                 1.110--8.805            0.031   3.151   1.207--8.222    0.019
  Seminal vesicle invasion   2.438                 0.905--6.568            0.078                           

**Abbreviations:** PCa, prostate cancer; PSA, prostate-specific antigen.

###### 

Prognostic value of ABCC5 protein expression for the overall survival in univariate and multivariate analyses by Cox regression

  Covariant                  Univariate analysis   Multivariate analysis                                     
  -------------------------- --------------------- ----------------------- --------- ------- --------------- ---------
  ABCC5 protein              4.735                 2.002--11.200           \<0.001   4.101   1.531--10.986   0.005
  Gleason score              2.319                 1.213--4.435            0.011     2.363   1.280--4.364    0.006
  Preoperative PSA           1.231                 0.993--1.526            0.058                             
  Age                        2.319                 0.765--7.027            0.137                             
  Angiolymphatic invasion    1.325                 0.976--1.798            0.071                             
  Surgical margin status     1.231                 0.810--1.872            0.331                             
  PCa stage                  3.129                 1.248--7.845            0.015     2.175   1.471--3.218    \<0.001
  Lymph node metastasis      1.334                 0.701--2.539            0.380                             
  Seminal vesicle invasion   1.729                 0.754--3.965            0.196                             

**Abbreviations:** PCa, prostate cancer; PSA, prostate-specific antigen.
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![ABCC5 as a potential metastasis and castration resistance-associated oncogene in PCa. (**A**--**F**) Box plots represent ABCC5 mRNA level in BPH and primary PCa samples; (**G**--**O**) ABCC5 mRNA in primary PCa and metastatic PCa samples; (**P**) box plots represent ABCC5 mRNA in hormone naïve PCa and CRPC samples; (**Q**) immunohistochemical analysis of ABCC5 in BPH, less aggressive PCa, aggressive PCa, and CRPC.\
**Abbreviations:** BPH, benign prostatic hyperplasia; CRPC, castration-resistant PCa; PCa, prostate cancer; TCGA, The Cancer Genome Atlas.](ott-11-3853Fig1){#f1-ott-11-3853}

###### 

ABCC5 overexpression is significantly associated with PCa progression and poor prognosis. (**A**--**F**) ABCC5 mRNA was significantly increased in PCa patients with BCR compared with PCa patients without BCR at 3 and 5 years, respectively; (**G**--**P**) ABCC5 was significantly increased in patients with higher Gleason score relative to patients with lower Gleason score; (**Q**) ABCC5 was significantly increased in patients with higher grade relative to patients with lower grade; (**R**--**T**) ABCC5 was significantly increased in patients with higher stage relative to patients with lower stage.

**Abbreviations:** BCR, biochemical recurrence; PCa, prostate cancer; TCGA, The Cancer Genome Atlas.
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![miR-516a-3p regulates cell proliferation, invasion, and migration through directly inhibiting ABCC5. (**A**) Knockdown of ABCC5 can mimic the suppression of colony formation induced by miR-516a-3p in PCa cells. (**B**) Knockdown of ABCC5 can mimic the suppression of migration activity induced by miR-516a-3p in PCa cells. (**C**) Knockdown of ABCC5 can mimic the suppression of invasion activity induced by miR-516a-3p in PCa cells. (**D**) The efficiency of ABCC5 knockdown and ectopic expression of miR-516a-3p was confirmed at the protein level by Western blot. Restoration of ABCC5 abrogates miR-516a-3p-induced suppression of PCa cell colony formation, migration, and invasion. \**P*\<0.05.\
**Abbreviation:** PCa, prostate cancer.](ott-11-3853Fig3){#f3-ott-11-3853}

![ABCC5 is a direct target gene of miR-516a-3p in PCa. (**A**) Computational analysis showing that miR-516a-3p potentially targeted ABCC5. (**B**) Relative luciferase activities were analyzed in PCa cell lines. (**C**) Decrease in ABCC5 mRNA expression by miR-516a-3p was determined using qRT-PCR. (**D**) Decrease in ABCC5 protein expression by miR-516a-3p was determined using Western blot. (**E**) ABCC5 mRNA expression was inversely correlated with miR-516a-3p level in 30 PCa samples using linear regression models. \**P*\<0.05.\
**Abbreviation:** PCa, prostate cancer.](ott-11-3853Fig4){#f4-ott-11-3853}

![ABCC5 plays an essential role in PCa growth and metastasis in vivo. Ectopic expression of miR-516a-3p can mimic the results induced by knockdown of ABCC5 in PCa cells. (**A**, **B**) Knockdown of ABCC5 in PC-3 and LNCaP cells significantly inhibits tumor growth in a mouse xenograft model. (**C**, **D**) Tumor weights of the corresponding mouse xenograft models. (**E**, **F**) ABCC5 expression analysis was studied at the protein level by immunochemistry. (**G**) ABCC5 expression analysis was investigated at the protein level by Western blot. (**H**) ABCC5 played an important role in PCa metastasis in vivo via targeting ABCC5. Ectopic expression of miR-516a-3p can mimic the effects induced by ABCC5 knockdown. \**P*\<0.05.](ott-11-3853Fig5){#f5-ott-11-3853}
